The COP9 signalosome (CSN) is a conserved protein complex, typically composed of eight subunits (designated as CSN1 to CSN8) in higher eukaryotes such as plants and animals, but of fewer subunits in some lower eukaryotes such as yeasts. The CSN complex is originally identified in plants from a genetic screen for mutants that mimic light-induced photomorphogenic development when grown in the dark. The CSN complex regulates the activity of cullin-RING ligase (CRL) families of E3 ubiquitin ligase complexes, and play critical roles in regulating gene expression, cell proliferation and cell cycle. This review aims to summarize the discovery, composition, structure, and function of CSN in the regulation of plant development in response to external (light and temperature) and internal cues (phytohormones).
INTRODUCTION
To optimally adapt to the changing environment, Arabidopsis seedlings undergo two distinct developmental procedures: photomorphogenesis (or de-etiolation) in the light, and skotomorphogenesis (or etiolation) in the dark (Wei and Deng 1992, 2003) . 
IDENTIFICATION OF CSN

Cloning of COP9
Among the aforementioned 11 COP/DET/FUS loci, COP9 is one of the genes that were initially cloned in the year of 1992. COP9 encodes a novel protein of 197 amino acids (Wei et al. 1994) . The homozygous cop9 mutants were severely dwarf and unable to reach maturation and flowering, suggesting that COP9 also plays fundamental roles in normal Accepted Article development of Arabidopsis in addition to regulating photomorphogenesis (Wei and Deng 1992) .
Biochemical purification of CSN in plants
COP9 is a component of a large, multi-subunit nuclear protein complex, and its conformation or size is subjected to light modulation (Wei et al. 1994; Chamovitz and Deng 1995) . To obtain the biochemical properties of the complex, the CSN complex was purified from cauliflower by employing the conventional biochemical and immunoaffinity procedures. Further analyses showed that the CSN complex is acidic, binds heparin, and is predominantly localized in the nucleus (Chamovitz et al. 1996) .
However, its subunit, CSN5 monomers, can be localized in both nucleus and cytosol regardless of the light conditions as detected by immunofluorescence analysis (Kwok et al.1998 ).
Another COP/DET/FUS loci, COP1, was cloned and initially identified to be a nuclear repressor of photomorphogenesis in darkness. It contains a RING finger domain at the N-terminal region, followed by a putative coiled-coil domain, and a WD40 domain at the C-terminus (Deng et al. 1992) . COP1 acts as an E3 ubiquitin ligase promoting the degradation of positive regulators of photomorphogenesis such as HY5 (Osterlund et al. 2000) . Upon light exposure, the nuclear COP1 was soon depleted, thus alleviating its suppression of photomorphogenic development (von Arnim and Deng 1994) . Though both CSN and COP1 function as negative regulators of photomorphogenesis, COP1 is not a part of the CSN complex (Wei et al. 1994) and the exact interconnection between COP1 and CSN is still enigmatic.
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Subunit composition in plants and animals
Although CSN was identified genetically in Arabidopsis as a repressor of photomorphogenesis, it was quickly found that it is conserved in plants and animals (Chamovitz and Deng 1995; Seeger et al. 1998; Wei and Deng, 1998; Wei et al. 1998 ).
The molecular identities of all the eight subunits of CSN were determined in both mammals and plants (Seeger et al. 1998; Wei et al. 1998 ). Among the eight CSN subunits from human and Arabidopsis, six of them contain a PCI (Proteasome, COP9, Initiation factor 3) domain (Hofmann and Bucher 1998; Wei and Deng 2003) . These genes (CSN1, CSN2, CSN3, CSN4, CSN7 and CSN8) were initially named after COP/DET/FUS loci, and their names were unified in the year of 2000 (Table 1 ). The remaining CSN5 and CSN6 contain an MPN (Mov34 and Pad1p N-terminal) domain. CSN5 is a metalloprotease with a conserved JAMM motif and requires a zinc ion as activator (Cope et al. 2002; Verma et al. 2002) . CSN6 lacks this JAMM motif, and was thus defined as an MPN-subunit while CSN5 was an MPN+ subunit. In Arabidopsis, both CSN5 and CSN6 are encoded by two different but functionally redundant genes, which may explain why CSN5 and CSN6 were not identified in cop/det/fus mutant screens (Kwok et al. 1998; Peng et al. 2001; Jin et al. 2014 ).
The architecture of COP9 signalosome is quite diversified. AJH1 and AJH2 (also designated as CSN5A and CSN5B) are present both in complex and in monomeric forms.
The stability of these monomers is regulated by COP1 and DET1 (Kwok et al. 1998 ).
CSN subunit variants can form distinct CSN complexes, such as CSN CSN5A and CSN CSN5B
which confer different physiological functions in Arabidopsis (Gusmaroli et al. 2004 ).
Furthermore, it is hypothesized that CSN subunits may form subcomplex (also called mini-complex) of CSN. For instance, in vitro reconstitution of COP9 signalosome tends to disassociate to form two symmetrical modules: CSN1-2-3-8 and CSN 4-5-6-7 connected by CSN1-CSN6; CSN5, which tends to form CSN4-5-6-7 subcomplex, is not Accepted Article always integrated into the holo-complex with the other 7 CSN subunits in vitro (Sharon et al. 2009 ). In addition, CSN5 is detected in the form of subcomplex in the gel filtration assays (Gusmaroli et al. 2004) . CSN5A plays an independent role in ABA signaling by modulating the protein stability of the bZIP-family transcription factor ABI5 (Jin et al. Using the LC-MS approach, an additional integral and stoichiometric subunit of CSN, CSNAP (CSN acidic protein), was recovered recently (Rozen et al. 2013 (Rozen et al. , 2015 .
The lack of CSNAP led to reduced proliferation and a flattened and enlarged morphology in human cells (Rozen et al. 2013 (Rozen et al. , 2015 . CSNAP shares high amino acid identity with DSS1, a component of the 19S lid subcomplex of the 26S proteasome; it is therefore proposed that CSNAP is likely the homologous subunit of DSS1 in CSN (Rozen et al. Figure 1 ).
2015) (
The unified nomenclature for CSN subunits
Because the genes encoding the respective subunits of CSN were isolated through a variety of unrelated genetic screens, or by the biochemical characterization of the complex from various organisms, the original names for different subunits of CSN were largely unrelated. In 2000, a unified nomenclature was used for CSN and its subunits in Accepted Article different organisms (Deng et al. 2000) . The new designation of the respective subunits, and their original names in different species are shown in Table 1 .
BIOCHEMICAL ACTIVITY AND 3D STRUCTURE OF CSN CSN regulates protein degradation via the ubiquitin/26S proteasome pathway
It was shown that the ubiquitylated proteins accumulated at high levels in csn mutants (Peng et al. 2001) . Therefore, CSN's regulatory roles might be linked to protein degradation through the ubiquitin/26S proteasome system (UPS), whose target proteins are modified by E3 ubiquitin ligases. cullin-RING E3 ligases (CRLs) catalyze the key step in targeted ubiquitination. A typical CRL contains four parts: cullin as scaffold, RING H2 Protein (RBX1) acting as a recruiter of E2, and substrate-recognizing protein with adaptor as a receptor for ubiquitylated peptides. The metalloprotease motif of CSN5 is responsible for its deneddylation activity (Lyapina et al. 2001; Schwechheimer et al. 2001; Cope et al. 2002) . The E3 ubiquitin ligase SCF TIR1 directly interacts with CSN. In the absence of CSN, the efficiency of SCF TIR1 for degrading its substrates was drastically decreased (Schwechheimer et al. 2001) .
Therefore, COP9 signalosome is responsible for regulating cullin-based E3 ubiquitin ligase-mediated responses.
Theoretically, neddylation activates, while deneddylation by CSN inhibits, the function of SCF E3 ubiquitin ligases in proteolysis. It is true in vitro, yet genetically this may be false, because Arabidopsis csn mutants were also defective in degradation of IAA6 protein, a potential substrate of SCF TIR (Schwechheimer et al. 2001 ). This paradox was reconciled in different organisms, implying that CSN's deneddylation not only Accepted Article protects against auto-ubiquitination of CRL components, but also facilitates the recycle of the cullin-RING heterodimer for multiple F-box/substrates (Cope et al. 2003; Schmidt et al. 2009; Stuttmann et al. 2009; Fischer et al. 2011) .
During the cycle of CRL assembly and disassembly, unneddylated cullin-RBX1 heterodimer can either bind to adaptor/substrate receptor (SR) module or paralogous regulatory factors CAND1/2; once there is a substrate to be degraded, deneddylated cullin-RBX1 heterodimer would exchange CAND1/2 for adaptor/SR module. This newly-formed CRL would go into a cycle of neddylation-deneddylation-neddylation on cullins. Neddylated CRL would be stimulated. CSN is responsible for transforming the neddylated CRL into deneddylated one to inactivate it, while deneddylated CRL can return to be bound with CAND1/2, awaiting to be re-used to a different adaptor/SR module in the next cycle (Liu et al. 2002; Zheng et al. 2002; Reitsma et al. 2017; Liu et al. 2018) . Therefore, CSN inhibits CRL activity biochemically, while it facilitates CRL functions genetically.
Consistent with this notion, it was recently discovered that perturbation of the ratio of cellular CSN/CAND1 would impair CRL plasticity and prompt widespread CRL auto-degradation, while different ratios of CSN/CAND1 in distinct cellular backgrounds may account for cell-specific regulation of proteolysis (Mayor-Ruiz et al. 2019) . Given the potentially large number of cullin-RING ubiquitin ligases in vivo, the dual roles of CSN may explain why it can modulate such a broad range of cellular and biological processes. Specifically, the crystal structure of CSN showed that the PCI ring (CSN1-4 and CSN7-8) organizes the helical repeat domains responsible for binding SCF SKP2/CKS1 , while the helical bundle enables CSN5 to sense the assembly state of CSN, favoring its own integration when the complex is otherwise fully assembled (Lingaraju et al. 2014).
3D-Structure of CSN
The above holocomplex structure is auto-inhibited, indicating that a mechanism may exert to trigger the remodeling of CSN5 and activate CSN's function (Lingaraju et al. Likewise, the crystal structure of a super-complex composed of CSN-CRL4A DDB2 at 6.4 Å resolution was solved. This super-complex was established upon three pairs of interaction (i.e., CSN2 with CUL4, CSN2 and RBX1 with CSN4, and CSN1 with DDB1), and an induced-fit mechanism was proposed to account for the principles of CSN activation (Cavadini et al. 2016) . Moreover, Cryo-EM structures of the CSN-CRL2~N8 complex and its deneddylated CSN-CRL2 counterpart were elucidated very recently (Faull et al. 2019) . The detailed procedure of CSN-mediated deneddylation of CRLs is illustrated in Figure 4 .
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CONSERVATION OF COP9 SIGNALOSOME
Conservation among CSN, 19S proteasome lid and eIF3
The aforementioned two domains of CSN, i.e., PCI and MPN domains, are also present in other cellular components. For instance, eukaryotic translation initiation factor 3 (eIF3) and the 19S lid subcomplex of the 26S proteasome (lid subcomplex) both have PCI/MPN-containing subunits, suggesting that these functionally diverse components may have a common evolutionary ancestry (Glickman et al. 1998; Li and Deng 2003) .
Because these three PCI/MPN-containing complexes are connected in function, they possibly interact with each other in a homo-or hetero-typic fashion (Hofmann and Bucher 1998; Chang and Schwechheimer 2004) . ZOMES, the international symposium on COP9 Signalosome, Proteasome, and eIF3 complexes, is held biennially to gather scientists from diverse genetic systems and fields whose research is concerned about these three related protein complexes. The ZOMES conferences provide an efficient platform for exchanging the ideas and progress of these PCI/MPN-containing complexes (Pick and Pintard 2009).
Hypothesis: CSN may act as the alternative lid of the 26S proteasome
The 26S proteasome is a mega complex, composed of the 20S core particle (CP) and the 19S regulatory particle (RP). The lid and the base subcomplexes constitute the 19S RP, which caps the 20S CP and is responsible for recognizing ubiquitinated-substrates and feeding the substrates into the 20S catalytic particle. Intriguingly, each of the eight distinct subunits of CSN is homologous to one of the subunits comprising the lid subcomplex of the 26S proteasome (Figure 1 2002) . The side of the CSN structure is 2.5 nm shorter and its front is 2 nm broader than the lid. Therefore, although these two complexes share a common architecture, their similarity is just at a general architectural level rather than the inside details, and their biochemical roles are distinct (Enchev et al. 2010) .
Apart from "alternative lid hypothesis", there is also a parallel "alternative base hypothesis". It was proposed that the double ring AAA+ ATPase, p97 protein, might serve as an alternative base of the 19S RP in eukaryotes (Pick et al. 2013 ). p97 and the 19S base share several common characteristics: both physically interact with the 20S CP via the Hb-Y-X motif, contain ATPase, bind to poly-ubiquitylated substrates, and interact with deunibiquiting enzymes. Therefore, it is intriguing to hypothesize that CSN acts as an alternative lid and p97 acts as an alternative base, thus forming an "alternative cap" of the In summary, the present evidence only indicates that CSN co-operates with the lid subcomplex in the ubiquitin/26S proteasome pathway. It appears that proteolysis is a process mediated by multiple regulators in addition to CSN and the lid subcomplex. More roles, such as cullin-based E3 ligases, are also essential for this process. Although CSN and the lid subcomplex compose of the overall architecture, the substrate-induced activation mechanism is unique to CSN (Lingaraju et al. 2014) . Therefore, further investigation is needed to validate whether CSN might function as an alternative lid of the (Wei et al. 1994; Chamovitz et al. 1996) .
As shown in Figure 5 , CSN was shown to be essential for the nucleocytoplasmic distribution of COP1. In the csn mutants, COP1 nuclear accumulation was abolished, and the N-terminal domain of CSN1 was essential for the nuclear localization of COP1 in vivo (Chamovitz et al. 1996; von Arnim et al. 1997; Wei and Deng 2003; Wang et al. 2009 ). In darkness, COP1 translocates into the nucleus in a CSN-dependent manner, where it physically interacts with HY5 and targets HY5 for 26S proteasome-mediated degradation (Wei et al. 1994; Chamovitz et al. 1996; Osterlund et al. 2000) .
Apart from this, CSN also controls the RUB/NEDD8 modification of several CUL4-based E3 ligases, thereby regulating plant photomorphogenesis. These E3 ligases act to repress photomorphogenesis in Arabidopsis. COP10 and DET1, two members of the COP/DET/FUS proteins, could form the COP10-DET1-DDB1 (CDD) complex together with DDB1 (Chen et al. 2006 ). Furthermore, CULLIN4 binds to the CDD complex with a common catalytic subunit RBX1, and they together form a CUL4-CDD-RBX1 E3 ubiquitin ligase complex, which was shown to be modulated by CSN and CAND1 (Chen et al. 2006) . Moreover, CUL4-DDB1 form E3 ligase complexes with COP1-SPA complexes to regulate photomorphogenesis and flowering time, and the neddylation of the CUL4-DDB1-COP1-SPA complexes is modulated by CSN (Chen et al. 2010 ). CFK1, a component of SCF E3 ubiquitin ligase, was shown to be protected by Accepted Article CSN against autocatalytic breakdown. This CULLIN1-based SCF E3 ligase complex plays a role in regulating hypocotyl growth in Arabidopsis (Franciosinia et al. 2013) .
The role of CSN in temperature signaling
Cold Response
In light-grown Arabidopsis seedlings, high temperature could promote hypocotyl elongation, a process dependent on auxin signaling (Gray et al. 1998 ). Thus, both light and temperature signals regulate hypocotyl growth by modulating the auxin pathway. The expression of cold-responsive gene was delayed dramatically in response to cold stress in transgenic plants with reduced CSN function, thus suggesting that CSN play important roles in plant cold response (Schwechheimer et al. 2002) .
Heat Stress
High temperature induces different degrees of elongation growth of det1, cop1 and hy5 mutants (Delker et al. 2014 ), suggesting that high temperature affects hypocotyl elongation partially through DET-, COP1-and HY5-mediated signaling. A very recent proteomic study reveals that after night-heat stress, the abundance of CSN3 was increased significantly in heat-tolerant rice lines but decreased dramatically in the heat-sensitive rice lines at early milky stage (Zhang et al. 2017) , implying that CSN may contribute to the heat tolerance of rice (Zhang et al. 2017 ). However, the evidence supporting a role of CSN in regulating high temperature response in Arabidopsis is still lacking.
The role of CSN in hormone signaling
Auxin CSN is not only essential for regulating photomorphogenesis, but also important for modulating the auxin signaling pathway. The major breakthrough was made when the Accepted Article direct interaction of CSN with SCF TIR1 was firstly revealed in vivo. The degradation rate of AUX/IAA proteins was decreased dramatically when CSN was at low level (Schwechheimer et al. 2001 ). However, the auxin response was impaired rather than fully blocked in csn mutants, possibly due to limited supply of SCF TIR1 (Dohmann et al. 2008) .
Moreover, CSN acts to protect SCF TIR1 from autocatalytic degradation (Stuttmann et al. 2009 ). 
JA and plant defense response
GA and ABA in regulating seed germination
Seed dormancy is sustained until the optimal growth conditions arise. The phytohormones gibberellin (GA) and abscisic acid (ABA) have antagonistically effects on seed germination. SCF SLY1 is a plant-specific CRL that targets the DELLA repressor proteins (such as RGA, GAI and RGL2) for degradation in response to GA (Fu et al. 2004; Hauvermale et al. 2012) . The csn mutants display reduced GA sensitivity and fail to efficiently degrade RGA, the substrate of SCF SLY1 (Dohmann et al. 2010) . CSN is functional in the seed germination, as shown by the facts that csn1-10 and csn5a-1 showed delayed seed germination and accumulated high abundance of two germination Accepted Article inhibitors, RGL2 and ABI5 (Jin et al. 2018) . The malfunction of CSN (or CSN1) in csn1-10 affects the timely degradation of RGL2 by SCF SLY1 , and the sustained accumulation of RGL2 in turn boosts ABA biosynthesis and activates the expression of ABI5 (Piskurewicz et al. 2008 ). In addition, it was proposed that CSN5A regulates ABI5 by a mechanism that may not involve CSN1, thus indicating that CSN5 has a unique and additional role in regulating ABI5 and the ABA signaling pathway (Jin et al. 2018) .
Ethylene Response
The phytohormone ethylene plays dual roles in regulating hypocotyl elongation: it inhibits hypocotyl elongation in the dark, but promotes hypocotyl elongation in the light (Smalle et al. 1997) . In Arabidopsis, the regulatory functions of ethylene are mediated by two plant-specific transcription factors, EIN3 and EIL1, whose protein levels are tightly controlled through the 26S proteasome pathway (Liu et al. 2017) . In 2008, the enhanced ethylene response 5 (eer5) mutant was isolated, and the mutation was shown to be an amino acid substitution in a previously uncharacterized factor with a PAM (PCI/PINT-associated module) domain, often found in the components of CSN (Christians et al. 2008) . Yeast two-hybrid assays also indicated that EER5 interacts directly with EIN2 and CSN8, and that EIN2 interacts with CSN3, CSN6A and CSN6B (Christians et al. 2008 ). These results collectively raised a possibility that EIN2, EER5 and CSN are all parts of large signaling complexes that could modulate ethylene signaling (Yoo et al. 2009 ).
CONCLUDING MARKS AND FUTURE PERSPECTIVES The in vivo molecular mechanism of CSN remains mysterious
Tremendous progress has been made in understanding the functions of CSN. CSN might play diverse roles either as a holocomplex or as mini-complexes via interacting with different binding partners and substrates. However, the molecular functions of each Accepted Article mini-complex remain obscure (Tomoda et al. 2002; Sharon et al. 2009 ). In fact, different forms of CSN (including the respective single subunits, subcomplexes and the holocomplex) may work in concert in vivo, as some CSN subunits showed varied expression patterns during different developmental stages (Zhang et al. 2019) . Moreover, it appears that in both animal and plant systems, CSN play essential roles in cell cycle and cell-fate control. In addition to the reported pleiotropic effects in human cell proliferation and differentiation, CSN is also necessary for root meristem maintenance in plants (Franciosini et al. 2015) . It would be interesting to explore whether CSN regulates cellular development through a mechanism shared by both plants and animals.
Evolutionarily, what is the origin of CSN's function?
It is worth exploring the differences of CSN's biochemical functions in single-cellular organisms (e.g., yeast) and multicellular organisms (Gouheaud et al. 1996; Meister et al. 2019 ). Also, it is of interest to study the contribution of CSN to plants' colonization onto Furthermore, Serino et al analyzed the gene duplication within lid subcomplex and CSN subunits, and proposed that paralogs of PCI complexes may have mutual interactions, i.e., subunits of one complex can interact with subunits of other complexes (Serino et al. 2013) . Therefore, it's worth exploring to what degree these promiscuous interactions account for the function of each complex.
In addition to deneddylation activity, is there any other non-proteolytic role of CSN?
CSN possesses not only deneddylation activity, but also phosphorylation and deubiquitination and even transcriptional regulation activities. Accumulating evidence indicates that CSN is more than a protease (Mundt et al. 1999; Tsuge et al. 2001; Wang et al. 2002; Menon et al. 2007; Malec and Chamovitz 2010) . Due to the space limitation 
Figure 3 The holo-structure of the COP9 signalosome
The N-terminals of each subunits forming the PCI ring are radiating out. The C-terminal helical regions form a helical bundle. The CSN5-CSN6 module is located on the helical bundle. This simplified schematic diagram only depicts the arrangement of each subunit, but not the exact 3D-structure of CSN (adapted from Lingaraju et al. 2014). 
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